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Hollow-fiber combined with liquid-phase microextraction (LPME) is a kind of solvent 
microextraction. It includes two-phase liquid-liquid microextraction (LLME) and 
three-phase liquid-liquid-liquid microextraction (LLLME). Due to the protection of the 
hollow fiber, the precision and stability of this method is increased significantly. Also, 
the method can be applied to “dirty” samples such as soil, milk, etc. 
 
This research focuses on the development and application of hollow fiber-protected 
LPME to the determination of environmental pollutants in complex matrices, such as 
milk and soil. LPME has been accomplished by extracting target compounds into a 
small volume of acceptor solution present within the channel of a porous hollow fiber. 
The method of combing hollow fiber-protected LPME with gas chromatography-mass 
spectrograph (GC-MS) to determine organochlorine pesticides (OCPs) in milk and 
chlorobenzenes in soil was developed in our study. Also, hollow fiber-protected LPME 
coupled with gas chromatography (GC) was investigated to determine polycyclic 
aromatic hydrocarbons (PAHs) in soil.  
 
The procedure to determine OCPs in milk by hollow fiber-protected LPME coupled 
with GC-MS was developed. OCPs were extracted from 5 ml milk samples into the 
acceptor phase present within the channel of a porous hollow fiber. N-nonane chosen 
as the acceptor solvent gave the most efficient extraction. Prior to the extraction, the 
pH was adjusted to 2 in order to facilitate the extraction of OCPs from milk. During 
the extraction, high partition coefficients were obtained by optimizing several 
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experimental factors. These include extraction time, agitation speed, types of acceptor 
phase, types of organic solvent added into the sample and temperature. Due to the large 
sample volume to acceptor phase volume ratio (1250) and high partition coefficients, 
the enrichment factors for all analytes were from 18 to as high as 203. The limits of 
quantification at S/N=10 were between 0.5µg/l to 20µg/l and the limits of detection 
(LODs) (S/N=3) were from 0.10µg/l to 10µg/l for all analytes in milk. Linearities were 
between 0.5µg/l to 100µg/l in which r2 was higher than 0.9699 for all analytes. 
 
PAHs in the soil were determined by hollow fiber-protected LPME coupled with 
chromatography-flame ionization detector (GC/FID). Hollow fiber-protected LPME 
optimized conditions were as follows: the extraction time was 15 minutes; 1250rpm 
was adopted as the agitation speed and the concentration of acetone and salt in the 
sample solution was 33% and 10% respectively. The LODs determined (S/N=3) were 
from 0.037µg/g to 0.744µg/g for all tested PAHs in soil. 
 
The hollow fiber-protected LPME coupled with GC-MS was developed for the 
determination of chlorobenzenes in soil. The linear calibration curves were obtained in 
the range of 10µg/kg to 50µg/kg. Coefficients of correlation (r2) were from 0.9740 to 
0.9998. The LODs (S/N=3) were from 0.01µg/kg to 0.05µg/kg. The results showed 
hollow fiber-protected LPME had good sensitivity and selectivity for determination of 
chlorobenzenes. 
 
Coupled with GC or GC-MS, hollow fiber-protected LPME proved to be simple, fast 
and effective for milk and soil analysis. The affordable hollow fiber extraction devices 
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were disposed after each extraction. This eliminated the possibility of carry over 
effects. The results showed that LPME applied to the determination of pollutants in 
soil and milk has low LODs and high selectivity compared with many conventional 
solvent-based method, e.g liquid-liquid extraction, solid-phase extraction, etc.. It can 
serve as an alternative method to conventional sample preparation techniques for the 
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Chapter 1  
Introduction 
 
1.1 Extraction methods for environmental analysis 
 
Environmental pollution is becoming a serious problem. Pollution of the environment 
poses threats to the health and wealth of every nation. It is essential to monitor the 
levels of pollutants in the environment. The major sources of environmental pollutants 
can be attributed to agriculture, electricity generation, derelict gas works, metalliferous 
mining and smelting, metallurgical industries, chemical and electronic industries, 
general urban and industrial sources, waste disposal, transportation and other 
miscellaneous sources[1]. For environmental protection, analytical chemistry plays a 
very critical role. The analytical measurement system is a part of the overall 
environmental control system. It is important to use appropriate methods and 
techniques for determination. The analytical procedure includes several steps: field 
sampling, field sample handing, laboratory sample preparation, separation and 
quantitation, statistical evaluation, decision and final action.（For analysis, most 
samples cannot be directly injected into analytical instruments. Therefore, it is 
necessary to isolate the components of interest from the sample matrix. Therefore, 
preconcentration, purification, etc., are necessary.） With the rapid development in 
separation science, most modern analytical instruments nowadays are sensitive enough 
to detect analytes down to pico- or even fentogram levels. Due to this, efficiencies of 
the sample extraction and clean up steps are becoming increasingly significant in 
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restraining detection limits of analytical methods[2].  
 
In the last decade or so, there have renewed interests in developing analyte isolation on 
sample preparation procedures to further improve the already significant range of 
analytical instrumentation, whereas, previously, liquid-liquid extraction has been the 
main method of isolating analyte from their matrix before analysis. Newer procedures 
have emerged in the past ten to fifteen years. Some of these solvent-based procedures 
are described below. 
 
1.1.1 Liquid-liquid extraction (LLE) 
 
A traditional approach for analyte preconcentration is liquid-liquid extraction (LLE). 
LLE is a separation process that takes advantage of the relative solubility of solutes in 
immiscible solvents. The solute dissolves more readily and becomes more 
concentrated in the solvent in which it has a higher solubility. A partial separation 
occurs when a number of solutes have different relative solubility in the two solvents 
used. During LLE, the solution containing the analyte (A) and an immiscible solvent is 
manually or mechanically shaken and allowed to separate in a funnel. The process can 
be expressed as the equation (1)[1]: 
A (aq)          A (org)                                              (1) 
LLE has been widely used in environmental determination, particularly for aqueous 
sampling. The outstanding advantages of LLE are the wide availability of pure 
solvents and the use of low-cost apparatus. But on the other hand, LLE has some 
disadvantages such as time-consuming and labor-intensive operation owing to the 
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lengthy solvent evaporation steps required, large volume of solvent used, use/cleaning 
of glassware and difficulty of being automated efficiently. 
 
1.1.2 Solid-phase extraction (SPE) 
An alternative to LLE is solid-phase extraction (SPE). SPE is an extraction method 
that uses a solid phase and a liquid phase to isolate one, or one type, of analyte from a 
solution. It is usually used to clean up a sample before using a chromatographic or 
other analytical method to quantitate the amount of analyte(s) in the sample. The 
general procedure is to load a solution onto the SPE phase, wash away the undesired 
components, and then wash off the desired analytes with another solvent into a 
collection tube. Generally, SPE sorbents have three classes, namely, normal phase (a 
polar stationary material), reversed phase (a non-polar stationary phase) and ion 
exchange (a non-polar stationary phase in the presence of an ion that counters the 
charge of the ions present on the analytes, thus making it neutral and more interactive 
with the stationary phase).  
SPE can create an ideal situation for a high production laboratory. Less time, lower 
cost, smaller amount of solvent used than LLE, and a safer work environment than the 
conventional methods, are all benefits of this technique. However, SPE does have 
some limitations, such as easy blockage of disks or cartridges, difficult selection of the 
correct sorbent, possible analyte breakthrough and labor-intensive operation. 
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1.1.3 Solid-phase microextraction (SPME) 
Miniaturization of sorbent technology and the concomitant decrease in solvent has also 
taken a further giant step with the development of solid-phase microextraction (SPME). 
SPME was originally developed and studied extensively by Pawliszyn and co-workers 
in 1989[3] and now has become an important part of an emerging emphasis on reduced 
solvent use and environmentally friendly methodology. SPME is based on a simple 
principle that applies to all sorbent technologies: the materials in the sample will 
establish equilibrium with the solid phase, based on their relative distribution 
coefficients. SPME is the process whereby an analyte is adsorbed onto the surface of a 
coated-silica fiber as a method of concentration. Then, this is followed by the 
desorption of the analytes into a suitable instrument for separation and quantitation. 
One application of some is via direct immersion of the fiber in an aqueous sample. 
Another application of SPME is headspace SPME (HSSPME), where the extracting 
fiber is suspended above the sample, usually in a closed system. The HSSPME 
approach is preferred when the sample matrix contains undissolved particles or 
non-volatile dissolved materials. Zhang and Pawliszyn have described the theory of 
HSSPME in detail[4]. Figure 1.1 is a schematic diagram of a headspace SPME setup.  
SPME is very simple, fast and does not employ organic solvents either for the sample 
preparation or clean up; therefore this technique is highly desirable for environmental 
analysis. The main drawbacks of SPME are that (i) it is manually-operated unless 
expensive automated equipment is available; (ii) the perturbation of equilibrium that 
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can occur in the presence of the sample components or analytes at very high 
concentration versus those of lesser concentration; (iii) low capacity of the fiber; and 
(iv) relatively high cost, although it can be argued that there are considerable savings 
from not having to use high-purity solvents. Some of these problems can be 
circumvented by use of HSSPME, but not to all analytes. 
 
 
      
Figure 1.1 Schematic diagram of a headspace SPME setup 
 
1.1.4 Liquid-phase microextraction (LPME)  
 Fused silica rod Adsorbent coating 
5
One alternative to solvent-intensive LLE is liquid-phase microextraction (LPME)[5]. 
Liquid-phase microextraction is a newly developed technique that needs only a very 
small amount of organic solvent and does not need dedicated and expensive extraction 
apparatus. Also, the operation is simple and fast. Another LPME approach is 
three-phase liquid-liquid-liquid microextraction (LPME), which has applied for 
determination of pollutants in complex matrices.  
For LPME, the main approaches include hollow fiber-protected microextraction, 
solvent drop microexatraction and dynamic liquid-phase microextraction. LPME has 
been applied to environmental, food, pharmaceutical, clinical and biological areas[6-10], 
such as phenols in water[6], OCPs in water[8] and plasma and blood[9]. In our work, 
hollow fiber-protected LPME was developed to determine pollutants in complex 
matrices, such as milk and soil. LPME is carried out from samples present in small 
sample vials; the analytes of interest are extracted from the sample solution through a 
porous hollow fiber and into an acceptor solution. Through optimization of the 
experiment, selectivity, sensibility and enrichment can all be improved. Hollow 
fiber-protected LPME is a simple, cheap and fast technique for the analysis of 
pollutants in aqueous and slurry samples. A hollow fiber-protected LPME is illustrated 
in Figure 1.2. 
LLLME was developed by Ma and Cantwell to achieve preconcentration and 
purification for polar analytes without using solvent evaporation and analyte 
desorption and had been used in environmental and biological determination in recent 
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years[11-12]. Firstly, the polypropylene hollow fiber was dipped into the solvent. Then 
an aqueous acidic acceptor solution was introduced within the hollow fiber. 
Consequently, the basic target compound was extracted from the donor phase through 
the organic film into the acceptor phase due to the pH difference between the donor 
and acceptor phases. After extraction, the acceptor solution was transferred to a vial by 
air pressure. A brief diagram of one kind LLLME extraction unit is shown as Figure 
1.3.  
The main advantages of LPME are simple, fast and economical. Compared with SPME 
and other labor-intensive methods, the extreme simplicity and cost-effectiveness of the 
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  Figure 1.3 Diagram of the LLLME extraction unit 
action methods 
 liquid-phase and solid-phase extraction are focused on instrumental 
ing flow injection extraction (FIE), supercritical fluid extraction (SFE), 
sted extraction (MAE), accelerated solvent extraction (ASE) and 
ase dispersion (MSPD). FIE was first introduced in segmented-flow 
]. It is based on the injection of a liquid sample into a moving, 
ontinuous carrier stream of a suitable liquid. Then the injected sample 
ward a detector. SFE was originally discovered by Baron Cagniard de 
[1]. Its use as an extraction procedure was realized much later. It has 
 be a suitable alternative to solvent extraction for many kinds of 
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compounds from a wide variety of matrices. The majority of these applications have 
involved the isolation of environmentally relevant compounds, such as PAHs from 
environmental samples. SFE is suitable for compounds which are with relatively 
non-polar and is soluble in CO2, but not appropriate for the extraction of veterinary 
drug residues, agrochemicals and contaminants from food and other biological 
matrices[1]. It relies on the diversity of properties exhibited by the supercritical fluid to 
extract analytes from solid, semi-solid or liquid matrices. MAE systems include a 
microwave generator, wave-guide for transmission, resonant cavity and a power supply. 
MAE for industrial/laboratory extractions is a process that uses microwave energy to 
rapidly and selectively extract soluble components of various materials from a liquid 
or gas medium. It reduces the amount of solvents used in routine laboratory extractions 
by up to 90%. ASE uses the organic solvents at high temperature and pressure to 
extract pollutants from environmental matrices. It was first proposed as a method in 
Update III of the USEPA SW-846 Methods, 1995[13]. MSPD is an approach to 
disrupting and extracting solid samples and viscous liquids using sorbent materials. 
MSPD eliminates the problem to convert solid sample to a liquid form and permits the 
direct use of solid phase extraction materials in the analysis of solid samples. 
 
1.2 Scope of our project 
 
The main objectives of this work are to improve sensitivity of LPME and the stability 
of the organic solvent in the hollow fiber and to develop a new, more efficient, faster, 
inexpensive and reliable extraction method than most classical extraction methods for 
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the analysis of pollutants in complex matrices, such as milk and soil.  
 
Hollow fiber-protected liquid-phase microextraction (LPME) was one approach 
adopted. Utilizing LPME prior to GC or GC-MS determination, the acceptor phase 
inside the hollow fiber was an organic solvent compatible with the GC or GC-MS 
system, and the analytes were extracted between a two-phase system. The commonly 
used microsyringe was used as a microseparatory funnel for extraction and at the same 
time as a syringe for direct injection of the extract into a GC or GC-MS for analysis. 
The main feature of this method was the use of smaller amounts of the organic solvent 
and as well as the aqueous solvent.  
 
This work was focused on the methods validation and their application to real complex 
matrices. The complex sample matrices interested were soil and milk. The target 
analytes determined were organochlorine pesticides (OCPs), polycyclic aromatic 











Principles of LPME 
 
For liquid-phase microextraction, both the lumen and the pores are filled with the 
organic solvent immiscible with water. Normally, the volume of the organic solvent is 
according to the length of the fiber and the final objective is to achieve the highest 
extraction efficiency. The analytes were extracted from the sample solution (donor 
phase) into the organic solvent (acceptor phase). The equilibrium between the donor 
phase and acceptor phase is described as[1]: 
A (donor phase)          A (acceptor phase)                             (2) 
The partition coefficient Korg/d is: 
Korg/d = Ceq, org / Ceq, d                                                    (3) 
where Ceq, org is the equilibrium concentration of analyte in the acceptor phase at 
equilibrium and Ceq, d is the equilibrium concentration of analyte in the donor phase at 
equilibrium. 
Also, ni = nd + norg                                                                             (4) 
where ni is the initial amount of analyte. nd is the amount of analyte present in the 
donor phase and norg is amount of analyte presented in the acceptor phase. 
Since, n = CV                                                       (5) 
where n is the amount of analyte, C is the concentration of analyte and V is the sample 
volume. So equation (4) can also be written as follows: 
CiVd = Ceq,dVd + Ceq,orgVorg                                                                   (6) 
where Ci is the initial analyte concentration in the sample, and Vd and Vorg are the 
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sample volume and acceptor phase volume, respectively. At equilibrium, the amount of 
analyte (neq,org) extracted into the acceptor phase is: 
neq,org = Korg/dVorgCiVd / (Korg/dVorg + Vd)                                  (7) 
The recovery (R) is defined as follows: 
R = 100neq,org / CiVd =100Korg/dVorg/ (Korg/dVorg+Vd)=100EVorg/Vd                  (8) 
The enrichment (E) of the analyte can be calculated by this formula: 
E = Corg / Ci = VdR / 100Vorg                                           (9) 
It can be seen that the bigger the Vd or the smaller the Vorg, the better the extraction 
efficiency. In order to increase the extraction efficiency, we should try to increase the 
value of Vd / Vorg. However, the actual recovery is lower than what is calculated by 
equation (8) possibly because the fraction of the organic solvent which is immobilized 
in the pores of the hollow fiber is not available for further analysis; only the fraction 











Chapter 3  
Determination of organochlorine pesticides in milk by liquid-phase 





Intensive agricultural production has led to an increased usage of agrochemicals and 
veterinary drugs while industrialization has increased the potential exposure of food to 
chemical residues from industrial and environmental sources. The use of pesticides 
began several decades ago and these chemicals have been widely applied to agriculture, 
public health, and around the home[15-16]. This has led to the accumulation of pesticides 
in the environment and has elicited worldwide and many developing countries public 
health concern. The use of pesticides is tightly regulated in the developed nations, but 
organochlorine pesticides (OCPs), including dichloro-diphenyl-trichloroethane and 
hexachlorocyclohexane are still widely used in the latter countries for agriculture and 
disease control[17]. 
 
The contamination of food by OCPs is a worldwide phenomenon and has been 
reported throughout the world[18]. Farmers use various OCPs to protect their 
agricultural crops and the occurrence of OCPs in rice, maize, grasses, wheat, etc., is 
unavoidable. These chemicals are subsequently ingested by animals either by free 
grazing on contaminated pastures or consumption of contaminated hay or cereals [11]. 
Humans, as a part of the food chain, are constantly exposed to the products through the 
consumption of meat and milk[19-23]. Human infants can also ingest contaminants in 
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mother’s milk. Over 90% of human exposure is through food and liquid intake[24]. Due 
to the lipophilic nature of these pesticides, milk and other fat-rich substances are 
among the key items for their accumulation. The higher the fat content, the more OCPs 
are in milk[25].  
 
Pesticides in milk cannot normally be determined without preliminary sample 
preparations because the samples are either too dilute or the matrix is too complex[26]. 
The purpose of the sample pretreatment is to enrich all the pesticides of interest and to 
keep them as free as possible from other matrix components. There have been 
enormous strides in pesticides analytical methodologies. Liquid-liquid extraction (LLE) 
and solid-phase extraction (SPE) are two common methods for analysis of pesticides, 
including OCPs[27]. 
 
Historically, the initial extraction of OCPs from aqueous samples is performed batch 
wise or continuously using LLE[27]. With wide choice of sorbents, SPE is capable of 
trapping the more polar pesticides and degradation products. As an alternative, SPME 
has been applied to determination of pesticides[28-29]. Another method for pesticides 
determination is the supported liquid membrane extraction (SLM). Applications have 
been reported for biological and environmental samples[30-33].  
 
As a further development of supported SLM and as an efficient alternative to classical 
sample reparation techniques, LPME is suitably applicable to environmental[6][34] and 
biomedical[35-37] determination. Much interest has been devoted to using LPME as a 
sample preparation method prior to determination by chromatography[6] and 
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electrophoresis[38].   
 
The purpose of this work is to apply the hollow fiber-protected LPME to determination 
OCPs in milk. The extraction parameters were optimized in order to obtain the best 
efficiency. The results indicated that this method is a simple, solvent-saving, selective 




3.2.1 Materials and chemicals  
 
The Accurel Q 3/2 polypropylene hollow fiber was purchased from Membrana GmbH 
(Wuppertal, Germany). The inner diameter was 600 µm, the thickness of the wall was 
200 µm, and the pore size was 0.2 µm. All the ten OCPs were purchased from 
Spexcertiprep (Metuchen, NJ, USA) and standard solutions were prepared with 
concentration at 1000µg/l, 500µg/l, 50µg/l and 10µg/l respectively. N-nonane, 
methanol and toluene were bought from Lab Scan Ltd (Ireland) while acetonitrile, 
α-propanol (both HPLC grade, USA) and acetone (pesticide-grade) were from Fisher 
Scientific (Fair Lawn, NJ). 1-octanol was from Riedel-de Haenag Seelze (Hannover, 
Germany). Hydrochloric acid was from J.T Baker (Philipsburg, PA, USA). Lastly, 





Determination of OCPs was performed on a HP6890 series GC system coupled with 
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an HP 5973 mass selective detector (Agilent Technologies). The GC was fitted with a 
ZB-1 column (30 m, 0.25-mm i.d.) from Zebron. Helium was used as the carrier gas at 
15.4 ml/min. The following temperature program was adopted: 120 0C for 1 min; 
increased at 30 0C/min to 180 0C, held for 20 min; then increased at 10 0C/min to 240 
0C. The injector temperature was 250 0C, and all injections were made in splitless 
mode. The detector temperature was 3000C. Determination was performed in selective 
ion monitoring mode (SIM) with a detector voltage of 1.5kV and scan range of m/z 
50-450. Figure 3.1 shows a typical GC-MS chromatogram of the ten OCPs extracted 
from spiked milk sample with concentration of 50µg/l. 
 
3.2.3 Milk sample preparation 
 
Fresh full-cream milk samples and skimmed milk samples were purchased at a 
supermarket and stored at the temperature of 4oC. For both kinds of milk, one portion 
of the milk sample was spiked with ten OCPs to make a final concentration of 50µg/l 
and the pH was adjusted to 2 by addition of concentrated HCl. The sample was stirred 
with a glass rod and allowed to equilibrate at room temperature for 10 min. Finally, the 
samples were centrifuged using a Hettich EBA 8S centrifuge for 30 min at 3000 

































 Peak Are 
 
                            Time (min) 
































Figure 3.1 Chromatogram of OCPs extracted from spiked milk sample (50µg/l) 
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ime Compound Time Compound Time Compound 
.39min γ-BHC 9.28min Heptachlor 11.08min Aldrin 
3.29min Heptachlor epoxide 15.01min γ-chlordane 16.16min Endosulfan I 
6.54min α-chlordane 19.25min p,p’-DDE 21.05min Endosulfan II
3.86min p,p’-DDD     
nother portion of the milk sample which was deproteinated by concentrated HCL (pH 
) was centrifuged and the supernatant aqueous solution was spiked with OCPs to a 
inal concentration of 50µg/l. 
ilk samples were prepared weekly and stored at 4 oC. 
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3.2.4 Hollow fiber-protected microextraction (LPME) 
 
Extraction was performed according to the following procedure: the hollow fiber was 
flame-sealed at on one end, cut into lengths of 1.3cm and cleaned by acetone in a 
sonicator for 5 min. The fibers were air-dried before use. 3.25ml of milk sample and 
1.75ml of acetonitrile (35%) were added to a 5-ml vial. Prior to extraction, air bubbles 
in the fiber were withdrawn by use of a syringe and then the needle tip was inserted 
into the hollow fiber. These two steps were performed in n-nonane. For solvent 
impregnation, the fiber was dipped with n-nonane for 10s. The solvent entered through 
the pores of the fiber into the fiber channel. After impregnation, the fiber was promptly 
placed into the sample solution. After extraction, the analyte-enriched solvent was 
withdrawn into the syringe and 1µl of the solvent was injected directly into the 
GC-MS. 
 
3.3 Results and discussion 
 
3.3.1 Optimization of liquid-phase microextraction 
The efficiency of the sample extraction is affected by several factors. The main factors 
include the type, and configuration of the acceptor phase; pH, salt content organic 
solvent content of the sample, stirring rate, time of extraction as well as temperature 
and milk component.  In order to evaluate the extraction efficiency, these factors were 
investigated. The general rate equation for liquid-liquid extraction can be written as[39]: 
dCo/ dt = Aiβo(kCaq-Co)/Vo                                                   (10) 
where Co is the concentration of analyte in the organic phase at time t, Ai is the 
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interfacial area, βo is the overall mass transfer coefficient with respect to the organic 
phase, and Caq is the analyte concentration in the aqueous phase at time t. k is the 
distribution coefficient. With an increase of volume of the organic solvent, Ai increases 
too and therefore the transfer rate of analytes becomes higher as well. The 
configuration of the LPME solvent hold in the hollow fiber is rod-like rather than 
spherical. This configuration can increase the solvent surface area (as shown in Figure 
1.2).  
 
The enrichment factor (E) is defined as the ratio between the final analyte 
concentration (Corg) in the acceptor phase and initial sample concentration (Ci) in the 
sample. In our study, the GC-MS response after extraction and before extraction was 
used to evaluate E. The recovery of the analyte is calculated by the equation (8). For 
two-phase LPME, the actual recovery is much lower than that is calculated by equation 
(8), because for each extraction, only the fraction present in the channel can be 
collected into syringe.  
 
3.3.1.1 Organic solvent selection 
 
In order to maximize the partition coefficient, the type of organic solvent chosen as the 
acceptor phase is extremely important in LPME. The organic solvent should be of low 
volatility to reduce evaporation and it should have a matching polarity with the 
hydrophobicity of the hollow fiber material (polypropylene) so as to be able to enter 
the fiber channel effectively. This helps to prevent leakage during extraction and 
enhance contact between the two liquid phases too. The solvent should also be with 
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high partition coefficient so that the enrichment factor (E) may be large. N-nonane, 
toluene and 1-octanol were tested from this consideration. From Figure 3.2, the 
extraction efficiency of n-nonane was higher than others. The reason could be due to 
this solvent’s greater relative affinity for the OCPs and it is better matching polarity 
with the hollow fiber. 
 















Figure 3.2 Effect of different acceptor phase on hollow fiber-protected LPME 
 
 
3.3.1.2 Effect of extraction time 
 
Extraction equilibrium time (te) is obtained when no further increase of peak area is 
detected with increased time of extraction. An overnight experiment may be necessary 
to determine whether the method should work under equilibrium or nonequilibrium[40]. 
For practical reasons, the extraction time selected was less than te in the experiments 
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conducted within present work. Aldrin, γ-chlordane and p,p’-DDE were selected to 
illustrate the effect of extraction time owing to their similar detective response values. 
From Figure 3.3, we can see that the extraction efficiency was at a steady state after 40 
minutes. The extraction efficiency at 50 min was a little higher than the efficiency at 
40 min; however we must consider the depletion of the organic solvent in the hollow 
fiber during prolonged extraction, so 40 min was selected as the suitable extraction 




























Figure 3.3 Effect of extraction time on extraction efficiency 
of hollow fiber-protected LPME 
 
3.3.1.3 Effect of rotation rate 
 
The dynamic principle of LPME can be illustrated by the following equation[41]: 
Logβo=logM+plogS                                                  (11) 
where βo is the overall mass-transfer coefficient that is related to stirring rate N. LogM 
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is the intercept of this equation and S is stirring rate. Agitation increases the extraction 
significantly because it enhances the convection of both aqueous and organic phases 
and thus total mass transfer βo. From the former explanation, we can see that if the 
extraction time is shorter than te, this will affect the extraction efficiency. For LPME, 
there is an inverse relationship between revolution rate of the stir bar (N) and 
extraction equilibrium time te. The faster the agitation rate, the shorter te is. From 
Figure 3.4, it is seen that extraction efficiency at rotation rate of 1250rpm is similar to 
that at 1000rpm for most compounds except heptachlor epoxide. However, the stability 
of the organic solvent in the hollow fiber must be taken into account under vigorous 
agitation. With faster vibration, there is an obvious loss of the organic solvent over the 




















             Figure 3.4 Effect of agitation on extraction efficiency of  
hollow fiber-protected LPME 
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3.3.1.4 Effect of pH 
 
A simple pH adjustment of the sample can greatly increase the extraction recovery, in 
many liquid-phase extractions, especially for polar compounds[17]. Therefore, the effect 
of pH on extraction efficiency in LPME was studied. Sample pH of 2, 5, 8 and 12 were 
adjusted by adding concentrated HCl or aqueous NaOH into the milk samples. There 
are no obvious trends in relation to pH value and extraction efficiency. However, the 
highest extraction efficiency was obtained at pH 2 for all compounds in the sample 
(data not shown). They were protonated at pH 2, and this made them partition much 
more readily into the organice phase. Based on these results, pH 2 was adopted for our 
study.  
 
3.3.1.5 Effect of types and concentration of solvent added into the sample  
 
In LPME, adsorption problems often decrease the extraction efficiency and precision. 
In order to overcome this, one solution is to add organic solvent to the sample. 
Acetonitrile, α-propanol, acetone and methanol were evaluated. From Figure 3.5, it is 
clear that acetonitrile greatly enhanced extraction efficiency as compared to the others 
for most of the OCPs except γ-BHC and Endosulfan II. The reason might be that 
acetonitrile can decrease the solubility of the pesticides in the milk and consequently 
facilitate the partition of these pesticides into the acceptor phase for most compounds 
analysed except γ-BHC and Endosulfan II. Subsequently, different percentages of 
acetonitrile from 0% to 35% were tested (Figure 3.6). The higher the concentration of 
acetonitrile up to 35%, the higher the extraction efficiency obtainable for most 
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compounds except γ-BHC and Heptachlor epoxide. On the basis of these results, 



































































no solvent added 
Figure 3.5 Effect of different solvents added to milk  


































Figure 3.6 Effect of percentage of acetonitrile in milk 
       sample on hollow fiber-protected LPME 
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3.3.1.6 Effect of temperature 
 
The effect of sample solution temperature was investigated since increasing the 
temperature can lead to an increased diffusion coefficient and decrease distribution 
constants, which can then result in faster equilibration time[17]. The range of 
temperature studied was from 250C to 600C. It should be noted that for LPME, 
however, ensuring stability and eliminating solvent loss are critical during extraction. 
We noted that (data not shown) a sample temperature above 250C resulted in the 
formation of bubbles in the acceptor phase in the hollow fiber. Thus, there was no 
benefit to be gained from extraction temperature above 250C. 
 
 
3.3.2 Quantitative analysis 
 
Under optimized condition, the enrichment factors measured were higher than 70-fold 
except for γ-BHC (18-fold), Endosulfan I (18-fold) and Endosulfan II (35-fold). The 
maximum enrichment factor was 203-fold for Heptachlor. 
 
The precision of individual extraction steps was evaluated by calculating the relative 
standard deviation (RSD) (n=6) for analysis after LPME. From Table 1, we can see 
that the RSD is below 10% for most compounds except Heptachlor and Endosulfan II, 
indicating satisfactory reproducibility. The linearity range (S/N=10) was ranged from 
0.5µg/l to 100µg/l and the correlation coefficient (r2) from 0.9699 to 0.9948. Higher 
centrifuged speed (3000rev/min) might be helpful to improve precision and recovery 
because low centrifugation speed may have caused in complete sedimentation of fat 
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and protein particles and some loss of the associated pesticides in the subsequent 
filtration step[37]. 
 
Table 3.1 Performance of hollow fiber-protected LPME: Limits of Detection (LODs),  
Linearity of chart-plot, r2, Enrichment Factor and Relative Standard Detection (RSD) 
 
   LODs   
（µg/l） 
 (S/N=3) 









γ-BHC 1.00 10.0 10-100 0.9852 18 5.30% 
Heptachlor 1.00 10.0 10-100 0.9765 203 11.80% 
Aldrin 0.10 1.00 1-100 0.9910 142 6.70% 
Heptachlor 
epoxide 
0.10 1.00 1-100 0.9928 76 7.10% 
γ-chlordane 0.10 0.50 0.5-100 0.9945 123 5.80% 
Endosulfan I 1.00 10.0 10-100 0.9769 18 6.30% 
α-chlordane 0.50 1.00 1-100 0.9939 121 5.50% 
p,p’-DDE 0.10 0.50 0.5-100 0.9948 160 6.70% 
Endosulfan II 10.0 20.0 20-100 0.9699 35 14.80% 
p,p’-DDD 0.10 1.00 1-100 0.9938 167 5.60% 
 
LODs, based on a signal to noise ratio (S/N) of 3, ranged from 0.10µg/l to 10.0µg/l. 
The quantitative limits of detection, based on S/N of 10, were found to be in the range 
of 0.5µg/l to 20µg/l. 
 
3.3.3 Real milk sample analysis 
 
Results obtained from the determination of skimmed and full cream milk purchased 
from a local supermarket showed no detectable levels of OCPs. This is as expected 
since Singapore exercises very strict control of the quality of both local and imported 
agricultural products.  
 
The hollow fiber-protected LPME method developed was subsequently tested on 
 26
spiked full cream milk samples. One portion of the milk samples was spiked with a 
standard mixture of OCPs to final concentrations of 10µg/l and 70µg/l before 
deproteination. Another portion was spiked to the same concentrations after 
deproteination. The recoveries from the samples spiked after deproteination were > 
80% (Table 3.2) while those from the samples spiked before deproteination were lower. 
This is possibly caused by two reasons. One is that the protein materials can absorb the 
OCPs which compete with acceptor phase. Another is that the protein materials might 
cover the pores in the fiber wall, which prevents the extraction. Therefore, the milk 
sample should be deproteinized. Nevertheless, with internal standardization, it is still 
possible to perform quantitative analysis on untreated milk directly using the method 
developed[38].  
 
Table 3.2 Hollow fiber-protected LPME Relative Recovery for spiked milk samples 
(70µg/l and 10µg/l spiked levels after deproteination) 
 




γ-BHC 101.3% 80.4% 
Heptachlor 92.9% 87.6% 
Aldrin 78.6% 74.5% 
Heptachlor epoxide 94.6% 88.0% 
γ-chlordane 85.1% 91.7% 
Endosulfan I 91.3% 83.6% 
α-chlordane 86.0% 101.2% 
p,p’-DDE 103.4% 93.2% 
Endosulfan II 96.4% 94.9% 




The hollow fiber-protected LPME procedure presented here provides a simple, fast and 
sensitive method on the determination of OCPs in milk. We believe that it is the first 
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study of sealed hollow fiber-protected LPME for the determination of such compounds 
in milk. The experimental results demonstrate that the procedure is simple to use and 





















CHAPTER 4  
Determination of Pollutants in Soil 
 
4.1 Determination of polycyclic aromatic hydrocarbons in soil by hollow 




With the development of industry, environmental pollution has become increasingly 
serious and has brought serious problems to many aspects of human life. PAHs are 
probably the most widely distributed class of potent carcinogens present in the air we 
breathe, the food we eat, the water we drink, and in the soil. PAHs are a class of very 
stable organic molecules made up of only carbon and hydrogen[42]. Due to its links 
with carcinogenicity, PAHs have caught interest from scientists for many years, 
including analytical chemists.  
 
The determination of PAHs in water and soil is well established today. Several 
methods, such as Soxhlet extraction, liquid-liquid extraction (LLE), flow injection 
extraction (FIE), solid-phase extraction (SPE), solid-phase microextraction (SPME), 
headspace solid-phase microextraction (HSSPME) and supercritical fluid extraction 
(SFE), were developed for the determination of pollutants in recent years. Their 
advantages and main drawbacks have been illustrated in chapter 1. For the analysis of 
PAHs, Soxhlet extraction is the most widely used method of the sample pretreatment 
for extraction of PAHs from soil samples but it also has many disadvantages, including 
long extraction time (12 h) and high solvent consumption[43]. LLE is one of the oldest 
preconcentration and matrix isolation techniques that has been widely used in clinical 
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chemistry[44], metal determination[45-46] and environmental determination, including 
PAHs[47], etc.. Another analytical method SPE also has wide applications in chemical 
and environmental analysis[48-51] for determining biological samples, phenols, 
pesticides, and PAHs[52-56]. As compared to LLE, FIE has been used to determine 
chemical compounds in pharmaceutical preparations[57-58], human hair[59] and for 
environmental determination, including PAHs[7][60]. Another extraction technique 
SPME preserves all the advantages of SPE and has been used with success to analyze 
organic compounds in water[61]. As mentioned before (Chapter One), SPME has 
become very popular in last 10 years, especially in SPME has become very popular in 
the past 10 years, especially in environmental[62-64][65-68], food[69-73] and biological 
analysis[74-75]. Another suitable method to determine PAHs directly without 
pretreatment of the samples is HSSPME. The use of SFE is also a viable technique. 
SFE off/on line combined with GC has been a routine method. SFE is faster than the 
conventional liquid-liquid extraction systems. The fluids used are environmentally 
friendlier than most organic solvents. SFE had been used for extraction of 
hydrocarbons, PAHs, Polychlorinated Biphenyls, metals and organometallics[76], 
pesticides and herbicides[77], foods[78] and fragrances, natural products and drugs.  
 
In this work, hollow fiber-protected LPME was evaluated on analysis of PAHs in 
complex soil matrices. The problems are: the loss of organic solvent during the 
agitation and the limited extraction time and stirring speed because of the instability of 
organic solvent in the hollow fiber. Our purpose is to improve the sensitivity of LPME 
and address the issue of the instability of the solvent drop in LPME and to develop a 
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new, more efficient, faster, inexpensive and reliable extraction method for the 





Fluorene, Fluoranthene, Acenaphthene, Phenanthrene, Anthracene were from Dr. 
Ehrenstorfer GmbH. 16 mixed PAHs stock standard solutions: 2000µg/ml of 
Acenaphthylene (Ac); 1000µg/ml of Acenaphthene (Ace) and Naphthalene (Naph); 
200µg/ml of Benzo[b]fluoranthene (BbFl), Benzo[g,h,I]perylene (BePe), Dibenz[a,h]anthracene (DiAn), 
Fluorene (Fluo) and Fluoranthene (Flu); 100µg/ml of Anthracene (Anth), Benzo[a]anthracene (BaAn), 
Benzo[a]pyrene (BaPy), Benzo[k]fluoranthene (BkFl), Chrysene (Chr), Indeno[1,2,3-c,d]pyrene (InPy), 
Phenanthrene (Phe), Pyrene (Pyr) were obtained in 1:1 methanol: methylene chloride from Supelco 
(Bellefonte,PA,USA). Isooctane (99.8% minimum) and hexane (pesticide grade) were 
from J. T. Baker (Phillipsburg, NJ). Other chemicals used in this experiment had been 
illustrated in chapter 3. 
 
4.1.2.2 Instrumentation  
 
Determination of PAHs was performed on a Shimadzu (Tokyo, Japan) HP 5890 GC 
system. The GC was fitted with ZB-5 column (30 m, 0.32-mm i.d.) from Phenomenex 
（Hercules, LA, USA）. Helium was used as the carrier gas at a flow rate of 1.8 
ml/min. The following temperature program was employed: 50 0C for 1 min; 15 
0C/min to 120 0C, held for 1 min; then an increase at 5 0C/min to 150 0C; another rate 
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at 8 0C/min to 300 0C, held for 5 min. The injector temperature was 250 0C, and all 
injections were made in splitless mode. The detector was 2800C.  
 
The FID is expected to respond only to organic compounds containing an effective 
carbon, so FID is chosen as detector for PAHs determination. 
 
4.1.2.3 Preparation of standards and spiked sample 
 
The stock standard solutions were prepared in acetone for each compound and stored 
in a refrigerator at 40C. Working solutions were prepared by dilution of stock standards 
with acetone (pesticide grade). These solutions were stored in refrigerator at 4 0C and 
were prepared weekly.  
 
Soil was collected near a highway from Jurong East in Singapore. The particle size 
distribution of the soil fraction was sand 72.6% and clay 18.4%. The soil pH measured 
based on a 1:5 dilution of soil:water [79] was 6.5. The total organic carbon (TOC) was 
4.0%. The soil was sieved to a grain size of 1 mm. In order to get comparatively pure 
soil for spiking, we processed the soil as follows: the sample was firstly put into an 
oven (5000C) for about 24 h, cool in air and then spiked with PAHs at different 
concentrations. The soil sample was prepared twice per week. Before microextraction, 
water, acetone, and salt were added to the soil and then ultrasonicated for 20 min in a 
sonicator and stirred for 45 min. The real sample was fractionated using a 1-mm sieve 
and stored in a glass bottle.  
 
4.1.2.4 Liquid-phase microextraction procedures 
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Before the commencement of the microextraction, the hollow fiber was flame-sealed at 
one end, cut into lengths of 1.3cm and cleaned by acetone in a sonicator for 5 min and 
then air-dried. The hollow fiber was stored in a clear, dry glass vessel for use. 
Extraction was performed according to the following scheme: 1g soil, 1.2g sodium 
chloride, 8ml water and 4ml acetone were added to a 14ml vial. Subsequently, 20 min 
of ultrasonification in a water bath and 45 minutes of agitation were conducted to deal 
with the sample. The subsequent hollow fiber-protected LPME procedure was the 
same to what was described in chapter 3.  
 
4.1.3 Results and discussion 
 
4.1.3.1 Optimization of hollow fiber-protected LPME 
 
LPME can be used to combine with GC because the organic acceptor phase may be 
directly injected to GC. Figure 4.1.1 is a chromatogram for sixteen PAHs extracted 
from spiked soil sample at concentrations of 0.186 µg/g to 3.72 µg/g. For optimization, 
we use the peak area of five PAHs was used to evaluate the extraction efficiency. Type 
of organic solvent, concentration of organic solvent, concentration of salt, time of 
extraction and speed of agitation were tested for optimization. Those factors may vary 
slightly for each experiment. In complex matrices, such as soil and milk, the results are 






1 (Naphthalene) 2(Acenaphthylene) 3(Acenaphthene) 4(Fluorene) 5(Phenanthrene) 
      Time 
6(Anthracene) 7(Fluoranthene) 8(Pyrene) 9(Benzo[a]anthracene) 10(Chrysene) 
11(Benzo[b]fluoranthene) 12(Benzo[k]fluoranthene) 13(Benzo[a]pyrene) 
14(Dibenz[a,h]anthracene) 15(Benzo[g,h,i]perylene) 16(Indeno[1,2,3-c,d]pyrene) 
 
Figure 4.1.1 Chromatogram of extract after hollow fiber-protected LPME of spiked 
soil sample (1g spiked soil sample with the concentration of 0.186µg/g – 3.72µg/g) 
 
Table 4.1.1 Efficiencies of various organic solvents (soil sample at a concentration of 
3µg/g) 
 
Organic solvent Experiment Data Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene
 Time 6.694 7.639 10.285 10.470 16.420 Toluene 
 Area 14710 9756 9870 7729 7261 
 Time 6.688 7.635 10.278 10.466 16.421 Hexane 
 Area 8890 7706 10117 4906 5276 
 Time 6.694 7.637 10.282 10.465 16.418 Octane 




4.1.3.1.1 Organic solvent selection 
 
Hexane, toluene, octane, and octanol were tested as the organic solvent for the five 
selected PAHs separately. With 10% sodium chloride, 30% acetone added to 1.0g soil 
and PAHs at a concentration of 3µg/g each, LPME was conducted for 10 minutes. 
From Table 4.1.1, we can see that toluene is more efficient than hexane and octane by 
comparing the average peak area counts of each analyte. Octanol has high boiling 
point and so its retention time is longer and peak area is larger than some analytes. 
Octanol was not suitable for PAHs analysis. Compared with Hexane and octane, 
toluene gave the best results. It is also easily immobilized on the fiber, has low 
solubility in water and relatively cheaper than the other. In addition, toluene in the 
hollow fiber was easy to manipulate with the lowest incident of solvent loss even 
under faster stirring rate, therefore toluene was selected as the organic solvent. 
 
4.1.3.1.2 Effect of added solvent and its proportion in sample solution 
 
In order to enhance the diffusion of analyte from the soil sample to the donor phase 
and then into the acceptor phase, the organic solvent was added to the sample solution. 
First, the soil sample to which was added with water (3µg/g of each PAHs) was tested. 
Only fluorene and acenaphthene could be detected. In order to solve this problem, the 
organic solvents were tested to promote the release of PAHs from the soil sample. 
After adding about 30% acetone and methanol separately into the soil, all five PAHs 
were clearly extracted. The result showed that acetone was more efficient than 
methanol, therefore acetone was used as a medium through which PAHs were released 
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from the soil into the water. In our case, we tested various concentrations of acetone 
from 10%, 20%, 33% to 50%. In Figure 4.1.2, we can see 33% is most favorable than 
other concentrations. This proportion of acetone was selected as optimum. 
 
4.1.3.1.3 Salt concentration 
 
Salting-out effect has two functions here. One is enhancement of the partitioning of 
analytes from donor phase to acceptor phase; another is the introduction of salt. These 
two functions can prevent the loss of the organic solvent acceptor effectively. The 
salt-out effect has been widely used in SPME and LLE to decrease the solubility of 
analytes and enhance their partitioning into the adsorbent for SPME or organic solvent 
for LLE from solution. For SPME, after desorption, the fiber must be very carefully 
washed, otherwise it would be too fragile for further use[3]. However, in our work, each 
fiber was discarded after each extraction. When NaCl was added to the sample solution, 
the quantity of extracted PAHs was observed to increase dramatically.  
 
From Figure 4.1.3, we can see that 10% sodium chloride is better than other conditions 
for all target analytes. The salt can decrease the loss of the organic solvent. However, 
too high a concentration of NaCl may cause damage to the fiber during extraction and 
the GC/FID system, therefore sodium chloride with 10% concentration was selected 




















       Figure 4.1.2 Effect of acetone concentration on extraction 

























Figure 4.1.3 Effect of salt concentration on extraction  




The time to reach equilibrium is determined by the effectiveness of sample agitation[40]. 
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Being a heterogeneous process, one of the major factors governing the overall kinetics 
is the interfacial area, which depends largely on the degree of agitation. In order to 
achieve faster equilibration, agitation was adopted during the extraction. Magnetic 
stirring was mainly applied for LPME in environmental determination. Stirring the 
slurry can apparently enhance the extraction efficiency and optimize the experimental 
condition. Theoretically, the faster the stirring rate, the more efficient the extraction 
because stirring the slurry can continuously bring fresh soil sample to the proximity of 
the hollow fiber. However, too fast stirring speed would compromise the stability of 
the organic drop in the fiber. In order to solve those problems, one end of the fiber was 
flame-sealed. From Figure 4.1.4, it can be seen that 1250 rpm gave good extraction 
efficiency. In order to avoid solvent stability problems, no attempt was made to 



















     
Figure 4.1.4 Effect of stirring rate on extraction efficiency 
of hollow fiber-protected LPME 
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4.1.3.1.5 Extraction time  
 
1g soil spiked with PAHs (at 3µg/g each) added with 10% sodium chloride and 33% 
acetone was extracted for 5, 10, 15, 20 and 30 min respectively. We can see that 
(Figure 4.1.5) the extraction time of 15 min is the most effective. Because the PAHs 
were in slurry, we must consider the effect of soil during the microextraction procedure. 
When extraction continued for 20 and 30 minutes with the stirring speed at 1250rpm, 
the loss of the organic solvent was much more serious than 15 min. For 15 min 
extraction, we can see that the volume of organic solvent withdrawn into the syringe 
after each extraction kept stable for each time. Therefore, the extraction repeatability 



















      Figure 4.1.5 Effect of extraction time on extraction  
                  efficiency of hollow fiber-protected LPME 
 
4.1.3.2 Evaluation of method performance 
The linearity, sensitivity and precision of LPME were evaluated as shown in Table 
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4.1.2. The r2 factors were from 0.9620 to 0.9912. The repeatability is the % RSD 
values calculated from peak areas from six repeated experiments. The % RSD values 
obtained for most of the compounds are below 15%. The detection limits were 
calculated (at S/N=3) and are as shown in Table 2. Most of the analytes can be detected 
below 0.1µg/g. In soil determined by HSSPME, the LODs are generally 2µg/g to 
5µg/g[61]. Therefore, the present method provides enough sensitivity in analysis of 
PAHs in soil matrices. 
 
Table 4.1.2 Main method parameters for LPME of 1g soil sample spike with PAHs at 





























6.610     0.372     10.4     0.744-22.32    0.9631 
11.21     0.744     11.1     1.488-44.64    0.9843 
11.911    0.372      7.6     0.744-22.32    0.9832 
13.865    0.074      6.7     0.149-4.462    0.9897 
17.281    0.037      8.5     0.074-2.232    0.9886 
17.435    0.037      8.3     0. 074-2.23    0.9889 
21.285    0.074      9.8     0.149-4.466    0.9758 
21.949    0.037      6.4     0.074-2.232    0.9769 
25.853    0.037      11.6    0.074-2.232    0.9809 
25.971    0.037      11.6    0.074-2.232    0.9867 
29.057    0.074      14     0.149-4.468    0.9746 
29.120    0.037      13.6    0.074-2.232    0.9885 
29.880    0.037      18.7    0.074-2.236    0.9620 
32.764    0.074      19.9    0.149-2.980    0.9912 
32.887    0.074      21.4    0.149-2.980    0.9643 
33.467    0.037      17.4    0.372-2.230    0.9678 
 
The extraction includes two steps: PAHs are released into the water, and then extracted 
from the water to the organic solvent. PAHs have low solubility in water, and may 
partition back to the soil, and may also have some unknown interaction with matrics, 
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so it is difficult to detect the low concentration of long aged PAHs in the laboratory 
and in the natural environment. For real-time PAHs-contaminated soil, our method has 
lower LODs and RSD%. Compared with drop-based LPME (without hollow fiber 
protection), this method has the following advantages: firstly, the configuration of the 
extraction solvent is rod-like rather than spherical. This configuration can increase the 
solvent surface area. Secondly, the length of the hollow fiber can be changed, so the 
volume of the organic solvent can be increased to enhance the extraction efficiency. 
Thirdly, with the protection afforded by the fiber, the organic solvent is stable unlike 
the situation in drop-based LPME. 
 
4.1.3.3 Real soil samples 
 
The PAH concentration was related to the distance from the source and exhibited a 
biphasic character [80]. The amount of PAHs in soil at a particular sampling site can be 
correlated with the proximity of a busy highway. The real sample for our experiments 
was collected very near to the highway. As a matrix, soil affects the analytical 
sensitivity of the method. In other words, the slope of the working curve for standards 
made with distilled water is different from the same working curve made up in soil. 
Therefore, the calibration curves for each analyte in real soil sample were calculated 
by standard addition.  
 
0.2g unknown soil sample and 0.8g spiked soil sample were used to plot the calibration 
curve for this real sample. The concentrations of spiked soil sample were diluted to 
0.02, 0.1, 0.2, 0.4, 0.6 times of the original concentration of each compound. For each 
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sample, three replicate analyses were performed. The chromatogram of a real soil 
sample extraction is shown in Figure 4.1.1. From Table 4.1.3, we can see that the r2 
ranged from 0.9561 to 0.9892. An example of the standard addition curve for chrysene 
is expressed in the following equation:   
Y = 62152X + 1795.5 
 
where Y is the peak area, X is the concentration of chrysene (µg/g). The concentrations 
of each PAH in soil collected near the highway were calculated and are listed in Table 





In our research, hollow fiber-protected microextraction was developed to determine 
PAHs in soil. The sensitivity could be improved by optimizing the extraction 
conditions, e.g. acceptor phase solvent, extraction time, stirring speed and by 
manipulating the matrix, e.g. acetone, water, salt addition. Due to matrix effects related 
to the characteristics of soil, the analytical response in a real sample may not be the 
same as that in a simple standard. The standard addition method was adopted as an 
alternative calibration procedure for real sample determination. However, complete 
accurate quantification near the detection limits is complicated because of 
non-linearity near the detection limits. In the whole, hollow fiber-protected 
microextraction is a simple, rapid and efficient technique in soil determination. 
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Table 4.1.3 Determination of PAHs in real soil sample by standard addition 














































































4.2 Trace determination of chlorobenzenes in soil by hollow fiber-protected 




Chlorobenzenes are listed as priority pollutants by the United States Environmental 
Protection Agency (USEPA) and the European Community. Most of these compounds 
tend to adhere to the suspended particles because of hydrophobic interactions, and are 
expected to accumulate in biota and can be found in water[81], soil[82], sediments[83], 
and sewage sludge[84]. 
 
Chlorobenzenes are toxic and resistant in the environment[85]. Suitable analytical 
methods are required to monitor their presence in the environment. Generally, 
traditional sample preparation techniques such as SPE and LLE, Soxhlet extraction or 
sonication, are still widely used in the determination of chlorobenzenes. However, 
these methods are solvent-intensive and time-consuming, and are not easy to be 
automated. 
 
In order to provide better alternative to above the sample treatment techniques that are 
universally applicable and easier to use, and environmentally friendlier, 
microextraction techniques have been developed. For solid samples, such as soil, 
sediments and sludges, headspace SPME has been adopted[86]. Headspace SPME can 
avoid direct contact with the sample, which is beneficial since solid sample can 
damage the fiber, although direct SPME has been used to determine pesticides, 
alkylbenzenes, aromatic amines and PAHs in soil[87]. Nowadays, SPME has been 
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widely used for environmental[88], food[89], and biomedical determination[90]. The 
SPME for the determination of chlorobenzenes in soil by headspace mode has also 
described[91].  
 
LPME can be easily coupled with many analytical instruments, such as, GC-MS[92], 
capillary GC, HPLC and capillary zone electrophoresis[93] for determination of 
chlorobenzenes. 
 
Compared with SPME, LPME has higher extraction recoveries and the price of a 
syringe, the extraction device, is insignificant compared to SPME accessories. LPME 
has mainly been used to analyze aqueous samples. In this work, we investigated LPME 
to deal with soil samples. The biggest problem is how to eliminate the effect of the soil 
to the organic solvent in conventional (drop-based) LPME. We have previously 
reported (Chapter Two and Chapter Three) the use of hollow fiber-protected LPME. 
The study indicated that prolonged extraction allows soil to enter the hollow fiber from 
its unsealed end, results in some effect on extraction and on the GC/MS analysis. For 
this reason, short extraction time would be desirable.  
 
In this work, LPME has been preliminarily used for the direct determination of 
chlorobenzenes in soil. The hollow fiber was flame-sealed at one end to prevent soil 
particles from interfacing with the organic solvent through the open fiber bottom. 
Therefore, long extraction time could be employed with improved sensitivity. After 
optimization of extraction conditions, the method was applied to analyse 




4.2.2.1 Materials and chemicals  
 
1,2,4,5- and 1,2,3,4-Tetrachlorobenzene (TeCB), Pentachlorobenzene (PCB), 
hexachlorobenzene (HCB), 1,3,5-, 1,2,4-, and 1,2,3-Trichlorobenzene (TCB) were 
purchased from Aldrich (Milwaukee, WI, USA). A 20mg/l standard solution containing 
seven chlorobenzenes was prepared in hexane and then diluted with hexane to the 
various concentrations required during experiment. All other chemical used in the 
experiment were HPLC-grade and had been illustrated in chapter 3. 
 
4.2.2.2 Sample preparation 
 
The soil for method optimization in this study was collected from a garden in Singapore. 
This soil sample (pH 6.5, organic matter content 4.0 %, sand 72.5% and clay 18.4%) was 
air-dried, pulverized and sieved to a grain size of 2 mm. After being homogenized, the 
soil sample was stored at 4 oC. The soil was spiked at 40µg/kg and 50µg/kg with 
standard chlorobenzenes solution separately. After spiking, the sample was equilibrated 
overnight at 4 oC and then extracted. In order to make the sample solution homogeneous, 
before extraction, a suitable extractant (water:acetone at 2:1) and NaCl were introduced 
into the soil followed by 20 min-sonication and then stirred for 30 min. The addition of 
water/acetone and NaCl was based on our precious optimization of hollow 
fiber-protected LPME (Chapter Two and Chapter Three).  
 
Other samples were collected from the garage and a bus stop. They were processed 
LPME immediately after collection. 
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4.2.2.3 Hollow fiber-protected liquid-phase microextraction  
 
The hollow fiber was first dipped into acetone for about 5 min and then was exposed to 
air to dry. 10µl of organic solvent was pushed into the hollow fiber carefully but 
promptly. Immediately, the hollow fiber was fully immersed into the solvent for about 
10 seconds in order to fill the pore of the wall. After that, the hollow fiber with the 
immobilized extraction solvent was placed into the sample (1g of soil with 8ml of 
water, 4ml of acetone, and 1.2g of NaCl) for 15 min with stirring at 1200rpm for 
extraction. After extraction, the solvent was withdrawn and 1µl of the extract was 
injected into GC/MS. 
 
4.2.2.4 GC-MS analysis 
 
A Shimadzu (Tokyo, Japan) QP-5000 GC-MS system equipped with a 30m×0.32mm 
capillary column coated with a 0.25 µm DB-1 stationary phase ( J&W, Folsom, CA, 
USA) was employed for this experiment. Helium was used as carrier gas. All injection 
was in splitless mode. The temperature program was: 50 oC for 1 min, increased to 
900C at 20 oC/min; then ramped to 1500C at 3 oC/min; finally 2800C at 25 oC/min and 
held for 5 min. The injector was 2500C and the total time of one GC-MS determination 
was 23.70 min. The MS was scanned over the range m/z 40-350 to confirm the 
retention times of the analytes studied. For the determination of chlorobenzenes, 
selected ion monitoring (SIM) was performed. Figure 4.2.1 is a typical GC/MS 
chromatogram of a spiked soil sample after extraction using the procedure described.  
 
 47
Figure 4.2.1 Total ion chromatogram of chlorobenzenes from a spiked soil sample 
(30µg/kg for each analyte after hollow fiber-protected LPME) 
Peaks: 
(1)1,3,5-Trichlorobenzene       (2)1,2,4-Trichlorobenzene  
(3)1,2,3-Trichlorobenzene       (4)1,2,4,5-Tetrachlorobenzene    
(5)1,2,3,4-Tetrachlorobenzene    (6)Pentachlorobenzene   
(7)Hexachlorobenzene 
 
4.2.3 Results and discussion 
 
4.2.3.1 Optimization of extraction 
 
4.2.3.1.1 Organic solvent  
 
1-octanol, n-nonane, toluene, n-butyl acetate, hexane, methylene chloride and acetone 
were tested. The extraction efficiency of n-nonane and toluene were better than others. 
For this experiment, an air bubble at the bottom of the fiber was often observed. In 
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order to decrease the volume of bubble, toluene was selected because the bubble can 
be seen through the transparent wall of the hollow fiber. With n-nonane, it was difficult 
to discern the bubble. Also, the extraction efficiency of toluene was higher than 
n-nonane, in general.  
 
4.2.3.1.2 Salt concentration 
 
Different concentrations of NaCl from 0% to 30% (w/v) were studied. It is obvious 
that the addition of NaCl improved the extraction efficiency (Figure 4.2.2) and the 
optimum extraction by the solvent in the fiber was observed at 10% of NaCl for most 
analytes, except for hexachlorobenzene. The water solubility of hexachlorobenzene in 
water (0.005mg/l) is lower than the other compounds[94]. Since the influence on 
extraction by adding salt is directly related to the solubility of analytes in the aqueous 
























     
Figure 4.2.2 Effect of salt concentration on extraction 
           efficiency of hollow fiber-protected LPME 
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4.2.3.1.3 Acetone concentration 
 
The volume of acetone added to the soil sample was another parameter affecting the 
adsorption of the analytes on the fiber that was studied. The effect of acetone from 
10% to 50% was investigated. As can be seen from Figure 4.2.3, the maximum peak 























Figure 4.2.3 Effect of acetone concentration on extraction efficiency of hollow 
fiber-protected LPME 
 
4.2.3.1.4 Extraction time 
 
As mentioned in Chapter 3, the extraction time selected was less than extraction 
equilibrium time (te). From 4.2.4, we can see the extraction efficiency at 15 min was 
higher than others. This experiment was conducted before the implementation of 
hollow fiber-protected LPME for determination of PAHs in soil and OCPs in milk. The 
main purpose of this work is to implement the application of hollow fiber-protected 
LPME in soil. The hollow fiber was not sealed and soil had an obvious effect on 
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extraction. During prolonged extraction longer than 15 min, the depletion of the 





















Figure 4.2.4 Effect of extraction time on extraction 
             efficiency of hollow fiber-protected LPME 
 
 
4.2.3.1.5 Stirring speed  
 
The sample solution was stirred at rate of 0, 700, 1000, 1200 rpm respectively. The 
greater the stirring rate, the higher the extraction efficiency for all compounds. As 
shown in Figure 4.2.5, 1200 rpm gave the highest peak counts, and was selected as the 
stirring rate. 
 
Overall, the optimum conditions were: agitation (1200rpm), addition of NaCl at 10% 
























Figure 4.2.5 Effect of agitation on extraction efficiency of  
hollow fiber-protected LPME 
 
4.2.3.2 Quantitative analysis 
 
As depicted in Table 4.2.1, for spiked soil solution, linear calibration curves were 
obtained over the range of 10 µg/kg to 50 µg/kg. r2 were from 0.9740 to 0.9998 for all 
compounds. The standard deviations (RSD) were in the range of 7.8% to 14.5%. Under 
the optimized conditions, the respective standard curves were as follows: 
y=9706.2x-90848 r2=0.981; y=10391x-95703 r2=0.9934;y=12963x-134608 
r2=0.974;y=9559.6x-81752 r2=0.9931; y=7937x-62122 r2=0.9993; y=6443.2x-48288 







Table 4.2.1 Quantitative determination of chlorobenzenes in spiked soil sample using  
hollow fiber-protected LPME 
 






























The LODs at a S/N=3 were 0.01µg/kg to 0.05µg/kg, which are better than the results 
of the determination of chlorobenzenes by SPME and match the results of HSSPME 
[91]. Where the contaminants are at higher levels, the procedure would be more suitable. 
Also, as a preliminary screening procedure, the method developed is suitable.    
 
4.2.3.3 Real sample analysis 
 
Real sample was collected near a bus stop for determination using the method 
developed. In order to see whether the method developed was affected by the matrix or 
not, the sample was spiked with analytes (30 µg/kg of each chlorobenzens) and was 
extracted. Results of relative recovery and RSD (%) of real sample fortified are shown 
in Table 4.2.3. As shown in the table that the relative recoveries of Trichlorobenzenes 
were higher than 90%, while for Tetrachlorobenzenes, PCB and HCB, relative 
recoveries were lower than 80%. This observation indicated that the soil matrix 
basically did not affect the extraction of trichlorobenzene. However, it affected 
significantly on extraction of tetra-, penta- and hexa- chlorobenzene. The possible 
reason is that the reaction between chlorobenzenes and soil increases significantly with 
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increasing of number of chloride.  
 
Table 4.2.2 Summary of results from determination of chlorobenzenes in spiked real 
soil sample after extraction by hollow fiber-protected LPME 
 
























Finally, the hollow fiber-protected LPME method was evaluated by comparing the 
results with those obtained by the US Environmental Protection Agency (EPA) method 
8121 and those in other papers obtained by SPME and headspace SPME (Table 4.2.3). 
 
Table 4.2.3 Comparison of LODs 




















































The LPME method developed permitted the fast determination of chlorobenzenes in 
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soil. A concentration range between 10µg/kg and 50µg/kg can be reliably detected. The 
limit of detection was < 0.06 µg/kg. The method was simple and highly sensitive. It 
can be used to do trace determination of chlorobenzenes down to 0.03 µg/kg to 0.06 
µg/kg for each chlorobenzene. Considering the non-linearity of the calibration curves 
at concentration near the detection limits, the method is suitable for preliminary 
screening, and semi-quantitative work. The method can be further improved by 
decreasing the volume of the air bubble in the fiber, adjusting the temperature of the 

















Conclusion and further work 
 
Preconcentration and purification of samples are of great importance in the field of 
pollutant analysis because of the low levels at which individual compounds usually 
occur and the complexity of extraction and clean-up procedures to isolate and separate 
analytes from matrix components and other contaminants. The results obtained in the 
present work show that hollow fiber-protected LPME is effective for the analysis of 
pollutants in more sophisticated matrices than water, such as soil and milk. Hollow 
fiber combined with LPME has been investigated to address the disadvantages of 
drop-based solvent microextraction. The organic solvent hold within the hollow fiber is 
more stable and this rod-shaped solvent configuration greatly enhances extraction 
efficiency. Additionally, one end of the hollow fiber can be flame-sealed. This adds 
another dimension to the perfection of the solvent by the hollow fiber. 
 
For the determination of organochlorine pesticides in milk, hollow fiber-protected 
LPME was shown to be very sensitive, selective and comparably simpler and faster 
than some existing methods. Low limits of detection could be attained and seized 
respectively and linearity was achieved. Real milk samples including full cream milk 
and skimmed milk sample were analyzed using the technique. The results showed that 
fat had obvious effect on the analysis of the pesticides. Food chemistry, by its very 
nature, is a vastly complicated science. Further studies on dealing with such complex 




Soil is obviously a more complex matrix than water and some other liquid matrices. 
During extraction, a homogenous solution is not easy to attained. For hollow 
fiber-protected LPME, our experiment showed that soil has obvious effect on 
extraction repeatability. For the LPME analysis of pollutants such as polycyclic 
aromatic hydrocarbons and chlorobenzenes in soil, the hollow fiber was firstly 
flame-sealed at one end to reduce the problems produced by the soil particles. Our 
results show that hollow fiber-protected LPME is a sensitive, simple and fast method 
for determination of these compounds. 
 
In the development and application of hollow fiber-protected LPME in the 
determination of pollutants in soil, milk or other more complicated matrices, further 
work can be focused on expanding the application of LPME techniques to other 
matrices, increasing method sensitivity, repeatability and improving selectivity of 
particular structure of compounds. Other challenges include enhanced analyte recovery, 
better sample clean-up, and accuracy of quantitative analysis. Furthermore, the 
dynamic mode of LPME possibility of automating the extraction process are all worthy 
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